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sent an overview of the types of molecules that are inThese structures are small, compact globular proteins cluded in this class and discuss key issues and that represent pioneering efforts by the founders of challenges that these large structures present to the macromolecular X-ray crystallography. Over time, the PDB with regard to their representation, archiving, visunumber of structures in the PDB has dramatically inalization, and analysis. creased ( Figure 1 ) and at the time of this writing there are over 28,000 entries in the PDB archives. A number of advances in protein crystallography, the most popuOverview and Biological Significance lar method of structure determination for biological macromolecules, have contributed significantly to this Although the large macromolecular complex structures represent a small portion of the PDB, it is important to growth. Recombinant DNA methods have made it possible to clone, express, and purify large quantities of note that the number of structures in this class is rapidly growing. Presently, there are a little over 430 nearly any biological macromolecule (protein or nucleic acid). Rapid and increasingly automated methods for entries (representing about 1.5% of the PDB holdings) that fit this classification, most of which were deposited crystallization have emerged. Synchrotrons provide intense sources of X-rays, while new detectors allow within the last ten years. While the majority of these large complexes were solved using X-ray crystallograrapid data collection. Finally, new and more automated software for crystal structure determinations as well as phy, almost 21% of this subset were derived either using electron microscopy, electron tomography, or relatively easy access to high-speed computing have also vastly reduced the time for data processing and electron diffraction. With a growing interest in solving structures of larger and larger complexes and with conanalysis.
In addition to advances in macromolecular crystaltinuing advances in the field, the proportion of large macromolecular structures in the PDB solved by EM is lography, new methods of structure determination have also contributed to the growth in PDB holdings. Struclikely to increase. A survey of the large macromolecular complexes revealed that this class is currently comtures determined using nuclear magnetic resonance (NMR) spectroscopy now represent about 15% of posed of some well-known assemblies, such as ribosomes and viruses, as well as multienzyme complexes PDB's holdings. Electron microscopy (EM) is being used to determine structures of very large complex and structural proteins. A list of the major types of complexes and assemblies comprising the large macromosystems. Since the information obtained from these methods shed light on different aspects of the struclecular structures is shown in Figure 3A . that senses and synthesizes glutamine. Similarly, the proteasome is a multicatalytic protease (Lowe et al., While most of these structures were solved by X-ray crystallography, about 11% were determined using 1995) composed of 14 copies of 2 catalytic subunits, α and β, arranged in 4 rings of seven subunits each. Ruelectron microscopy.
Multienzyme complexes are nature's way of cleverly bisco, derived from spinach leaves (Taylor and Anders- Table S1 . There are two primary approaches for systematically on a core of Dihydrolipoamide acetyltransferase. Currepresenting icosahedral symmetry information. The rently, the structure of this structural and catalytic core first is to include a set of 60 matrices in the file, which is available in the PDB (Hendle et al., 1995) . when applied to the deposited coordinates generates Other classes of large macromolecular structures in- somere (the deposited coordinates for this structure). Symmetry operations (described by 28 matrices) are reRepresentation of Symmetry Information quired to first generate the icosohedral unit and sixty in Virus Files copies of this assembly in turn forms the complete Viruses, the most numerous group among the large virus. However, inclusion of the additional 28 matrices macromolecular structures in the PDB, have been along with the 60 matrices can make the generation of studied using X-ray crystallography and electron microthe virus particle confusing and even incorrect. Presscopy over the past two decades. The most interesting ently such scenarios are explained in text remarks in and complex feature of virus structures lies in the inherthe header section of the PDB file. ent symmetry of these assemblies. The icosahedral or
The second method of systematically representing helical symmetries of viruses are commonly exploited symmetry information for icosahedral viruses is to proin solving these structures. We limit the present discusvide 5, 3, and 2 fold rotation information (Rossmann sion to icosahedral viruses.
and Blow, 1962) that can be applied on the deposited In usual practice, the structure of the smallest unit of icosahedral asymmetric unit coordinates in a specified an icosahedron (a particle with 20 triangular faces) is order within the standard icosahedral frame. For this determined and deposited into the PDB. The entire system to work successfully the coordinates need to virus can be constructed from the deposited coordibe moved to the standard icosahedral frame before apnates using various symmetry operations. Over the plying the 5, 3 and 2 fold symmetries. In cases where years, technologies and strategies for solving these there is internal symmetry within the icosahedral asymstructures have evolved and improved, but a standard metric unit, the additional symmetry information should reference and representation for these data has not be applied before generating the virus particle. Thus been clearly defined. Consequently, the symmetry inthis method of representing the symmetry information formation for constructing the complete virus has been is intuitive and more universal. However, it presents represented in several different formats, following varcomputational challenges in the handling and represenied conventions and reference frames (crystallographic tation of all this information within the framework that or standard icosahedral). In most cases, there are reis presently used in the PDB. marks in the PDB file to explain the reference frame As an attempt to simplify and standardize the generand symmetry operations required for generation of the ation of complete icosahedral virus particles, a datacomplete virus particle. standard and it will not be necessary to work with structure information, and details about the crystallizamultiple PDB files in order to study a large macromotion, data collection, and refinement are included. The lecular assembly. remaining records consist of atom site records including coordinates, occupancy, temperature factors, residue names and number, atom names and numbers, and
Archiving Structures Solved by Electron Microscopy
In the past few years, electron microscopy has emerged the names of each independent polymer chain (chain ID). With the inclusion of structures solved by methods as a powerful method for the structure determination of high molecular weight complexes (Frank, 2002) . The other than X-ray crystallography in the archive, the header section of the PDB format file has been modivery first structures determined by this method were deposited in the PDB in 1997. In order to accommodate fied to accommodate method-specific details. However, the restrictive, 80-column format was retained. In these large structures in the PDB, it was necessary to adapt the archiving to meet the requirements of this this format, the maximum number of atoms that can be included in a single PDB file is limited to 99999, since field. After it was determined that the EM community wanted to deposit their structural data, it was necesonly 5 columns are allocated for atom numbers. Similarly the number of residues per chain is limited to 9999, sary to define exactly what kinds of information should be collected and at what granularity. Letters were sent which can be accommodated in 4 columns. In addition, the number of chain identifiers allowed in a single file to experimentalists to solicit their feedback in the year 2000. In collaboration with the Macromolecular Strucis also restricted since only one column is allocated for this purpose. Presently a maximum of 62 chain IDs are ture Database group at the European Bioinformatics Institute, a dictionary of terms was created that describe allowed in a file where each ID is either one of the 26 letters in the English alphabet in upper or lower case the information that should appear in the file. The dictionary includes definitions for various steps involved or the numbers 0-9.
When the format was first defined these limits did not in the biochemistry, sample preparation, data collection, and analysis of structures determined by electron microseem restrictive. However, with the increase in size and complexity of the structures determined and deposited scopy and is available at http://rcsb-dev.rutgers.edu:5015/ mmcif_iims.dic/categories/. to the archive, the PDB file format has fallen short in several cases. Meanwhile, software developers have At present, EM structures for which atomic models 
